A new aspect of the monsoon-Southern Oscillation (SO) link has been investigated. All India Summer Monsoon Rainfall (AISMR) and Southern Oscillation Index (SOI) data (for August -September -October months) for the period 1871-1998 have been processed for wavelet analysis. Using the Haar wavelet function, the data are decomposed into seven dyadic scales corresponding to periods of 2, 4, 8, 16, 32, 64 and 128 years. The time frequency localization in the wavelet analysis was used to study the temporal variability of modes in AISMR and SOI. The 2 and 8 year modes in both are found to exhibit low frequency modulation. The 4 year mode in both showed large intermittency. The periods of high/low activities of 2, 4 and 8 year modes were associated with a large/low number of deficient AISMR years. The SOI derived from 2, 4 and 8 year modes in the ENSO years, is found to be related to AISMR variability, at 1% level of significance. The 2, 4 and 8 year modes in AISMR and SOI are found to be correlated at a 5% level of significance. There is a large temporal variability in the correlations of these modes. The occurrences of maxima and minima in these correlations followed a sequence, first in the 8 year mode, then in the 4 year mode and in the end, in the 2 year mode. The reasons for de-association between AISMR activity and SOI in the last 8 years of the present decade have been attributed to (i) the negative contributions by 128, 64, 32 and 16 year modes, (ii) the low activity of 4 and 8 year modes and (iii) the weak correlation between AISMR and SOI in 4 and 8 year modes during this period.
INTRODUCTION
The agriculture economy of India with its large growing population is closely linked with the performance of the summer monsoon rainfall. Therefore, the prediction of All India Summer Monsoon Rainfall (AISMR) has been the topic of intense research for the last 125 years. The progress achieved/methods employed in the prediction problem have been reviewed from time to time (see Krishna Kumar et al., 1995 for the latest review). The developments and improvements in the skills in AISMR prediction occurred due to innumerable monsoon variability studies on interannual scale. The interannual variability in AISMR may be attributed to (i) internal dynamics and (ii) boundary forcings. The internal dynamics comprises of flow instabilities, non-linear interactions and tropical-extratropical interactions. The sea surface temperature (SST), sea ice, snow cover and soil moisture form the boundary forcings (Shukla, 1981) . The parameters relating to the boundary forcings, such as: (I) SSTs over (a) east equatorial Pacific, (b) Indian Ocean, and (II) Himalayan snow cover, have been in use in various prediction models for a long time (Krishna Kumar et al., 1995) .
The strong connection between the variability of AISMR and El Niñ o-Southern Oscillation (ENSO) is well-recognized (Sikka, 1980; Pant and Parthasarathy, 1981; Rasmusson and Carpenter, 1983; Bhalme and Jadhav, 1984) . The lead -lag correlation studies between Southern Oscillation (SO) and monsoon , 1902, 1914, 1923, 1925, 1953, 1969, 1877, 1911, 1941, 1965, 1972, 16 1991, 1997 1982, 1987 \−0.955 1880, 1884, 1887, 1891, 1930, 1932, 1939, 13 1899, 1905, 1918, 1951 1957, 1976 Total 18 11 29 (b) SOI(d) B−0.955 1896 B−0.955 , 1914 B−0.955 , 1923 B−0.955 , 1953 B−0.955 , 1969 B−0.955 1877 B−0.955 , 1905 B−0.955 , 1911 B−0.955 , 1941 B−0.955 , 1965 B−0.955 , 13 1972 B−0.955 , 1982 B−0.955 , 1987 B−0.955 \−0.955 1880 B−0.955 , 1884 B−0.955 , 1887 B−0.955 , 1891 B−0.955 , 1902 B−0.955 , 1925 B−0.955 , 1930 B−0.955 , 16 1899 B−0.955 , 1918 B−0.955 , 1951 B−0.955 1932 B−0.955 , 1939 B−0.955 , 1957 B−0.955 , 1976 B−0.955 , 1991 B−0.955 , 1997 rainfall showed that the correlation coefficients (CC) were highly significant during concurrent and post-monsoon season. The largest CC= 0.67 (for the data derived from the principal component analysis of pressure field by Wright, 1975) was observed for the August-September-October (ASO) season (Bhalme and Jadhav, 1984) . A large number of studies relating to east Pacific SSTs showed that these could be predicted a few seasons ahead (Cane et al., 1986; Zebiak and Cane, 1987) . This eventually generated the interest in the dynamical prediction of AISMR using general circulation models (GCM). In the Tropical Ocean -Global Atmosphere (TOGA) Numerical Experimental Group, priority was given to the simulation of the seasonal monsoon rainfall using GCMs. The results of the experiment were encouraging (WCRP-80, 1995) . Palmer et al. (1992) demonstrated that a large fraction of the variability of the simulated AISMR was forced by the SST variations over the Pacific. Therefore, ENSO and ENSO-related parameters have been considered important in the empirical and dynamical prediction of AISMR. In spite of the large number of studies, there are some aspects of the monsoon-SO link that have not been understood adequately. Two of them may be stated as follows.
Although there is a strong relationship between ENSO and the monsoons, out of a total of 29 ENSO years, only 11 are associated with deficient monsoon rainfall years (Table I(a)) . Monsoon rainfall variability in the last 8 years of the present decade (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) demonstrates the complexity in the relationship. During this period, the SOI for the ASO (hereafter referred to as SOI) season was negative (Table II) 1991, 1993, 1994 and 1997 , the SOI anomaly was less than −1.0) and east equatorial Pacific SSTs were having persistent positive anomalies (Climate Diagnostic Bulletin), however, AISMR during this period, was normal. Thus, it appears that the total SOI (i.e. undecomposed into dominant modes) is inadequate for understanding the monsoon-SO link. The studies were carried out to understand the link using the spectral methods. The power spectra of both AISMR and SOI time series showed the characteristics of white noise. The spectral peaks, significant at 95% confidence level (CL), were found in AISMR in the period range 2.3 -2.9 and those in SOI in the period range 3.7, 3.9 and 5 years. The coherence spectrum analysis showed that the coherence between them was in the period bands of 2.2-2.5 year, 3.6 -3.8 year and 4.8 -5.6 year (Bhalme and Jadhav, 1984) .
In recent years, the technique of wavelet transform (WT), which provides additional information regarding the localization of frequencies, has been increasingly used for understanding the monsoon-SO link. The technique of WT is described in detail by . Hu and Nitta (1996) found that the strong interaction between AISMR and the ENSO cycle occurs through the significant positive correlations on time scales shorter than 24 -30 years and the significant negative correlations on time scales longer than 40 years. Wang and Wang (1996) showed that the principal period of the SO had experienced two rapid changes since 1872, one in the early 1910s and the other in the mid-1960s. The dominant period was 3 -4 years in the earliest four decades (1911-1960, except the 1920s) , and 5 years in the last two decades (1970 -1992) . It was most energetic during two periods, 1872-1892 and 1970-1992, but powerless during the 1920s, 1930s and 1960s . The powerless period was dominated by quasi-biennial oscillations. Kestine et al. (1998) showed that the time frequency spectra of different series describing ENSO had strong multidecadal variations over the past century. They also found the reduced activity of ENSO in the 2-3 year periodicity range during the period 1920-1960, compared with earlier and later periods. Torrence and Webster (1998) and Webster et al. (1998) found that the coherence between AISMR and the SO is in the 2 -8 year period band. showed that the time series of a 2-7 year variance indicated the intervals of high ENSO/monsoon variance (1875-1920 and 1960-90) and an interval of low variance (1920 -1960) . The ENSO/monsoon variance also contains a modulation of ENSO/monsoon amplitudes on a 12-20 year time scale. These studies have clearly demonstrated that the monsoon -SO link operates through a 2-8 year frequency band. Therefore, an attempt is made here to address the problems stated in the previous paragraph, 6iz. (i) the monsoon-SO link in the ENSO years, and (ii) an apparent de-association between monsoon and the SO in the past 8 years, through the understanding of the variability of the 2-8 year frequency band, using discrete WT. As the power spectra of both show white noise character, the total power is nearly uniformly distributed over the frequency range 6iz. from the lowest frequency of one wave over the entire period to the highest frequency, i.e. Nyquist frequency. The resolution in the frequencies decreases logarithmically from high frequency to low frequency. With this condition, it is appropriate to consider the frequencies in the selected bands rather than individually. This is achieved exactly in the discrete WT. In addition to these problems, the climatic variability of the dominant modes in AISMR and SO and the interaction between them is also studied. This paper is divided into five sections. The discrete WT is briefly described in the Section 2, the data used is described in Section 3. The results are discussed in Section 4 and conclusions are given in Section 5.
DISCRETE WAVELET TRANSFORM
The discrete WT are those that use discrete wavelet functions. The discretization of the wavelet function is not completely arbitrary since conservation of the amount of information in the signal is required (Daubechies, 1988; Katul and Parlange, 1995) . The discretization is achieved using a logarithmic uniform spacing for the scale discretization with increasingly coarser resolution at larger scales (Daubechies 1988 (Daubechies , 1992 Mallat, 1989a,b) . These basis functions are given by
where is the mother wavelet, m and j are variable scale and position indices, respectively, a 0 is the base of dilation and b 0 is the translation length in units of a 0 m . The simplest and most efficient case for practical computation is the dyadic arrangement resulting in a 0 = 2 and b 0 = 1 (Mallat, 1989a,b; Chui, 1992; Daubechies, 1992) . These discrete WT have the following properties:
(i) They form completely orthonormal basis functions.
(ii) The number of convolutions at each scale is proportional to the width of the wavelet basis at that scale. (iii) They produce a wavelet spectrum that contains discrete 'blocks' of wavelet power and is useful for signal processing as it gives the most compact representation of the signal. The non-orthogonal transform is useful for time series analysis, where smooth variations in wavelet amplitude are expected. (iv) The reconstruction of the original series is straightforward . (v) They are free from undesired formal relations between the wavelet coefficients that are found in the continuous WT (Yamada and Ohkitani, 1991a,b) . (vi) However, there is one disadvantage in that the total number of scales is limited .
In the present work, the Haar function is used as the discrete wavelet function. It is given by
The Haar function value corresponds to a Fourier spectral window, which decays away from a central wavelength at a slower rate than other wavelets, an important consideration where sharp transitions occur (Howell and Mahrt, 1994) . If N =2 M is the number of observations (i.e. N is an integer power of 2), then the scale index m can vary from 1 to M (M =log 2 (N)) and the position index at scale m varies from 1 to N2 − m . It can be seen that an increase in scale results in a reduction of resolution (e.g. at m= 1 there are N/2 coefficients, at m = 2 there are N/4 coefficients, at m=M there is only one coefficient). This arrangement requires (N −1) coefficients for N points. This dyadic arrangement is well-suited for the variability studies since the small scale features are characterized by more wavelet coefficients (Meneveau, 1991a,b; Katul and Parlange, 1995) . For computations of wavelet coefficients and reconstruction of a time series R(t), the formulation given by Howell and Mahrt (1994) has been used in this study. The wavelet coefficient W m (b) at scale m and location b is given by
The time series of the deviation from the mean at the ith record is reconstructed as
where b=1+int
, R ( is the mean of the time series R(t). The time series of the different scales, i.e. R(m, n) are constructed from (4) by keeping m constant.
DATA
The AISMR data used in the study are taken from Parthasarathy et al. (1992) for the period 1871-1991. A dyadic arrangement has been used, which requires the length of the series in the powers of 2. The series is updated, up to 1998, to have the length of 128 years (= 2 7 , i.e. M= 7). The AISMR series has a mean R ( =85.14 cm and standard deviation S = 8.28 cm. The series is normalized with mean R ( and standard deviation S. Interannual variability is classified as excess¯normal¯deficient according to
where R(i ) is the AISMR in the ith year. There are 20 excess years and 20 deficient years. Data for the SOI (Tahiti minus Darwin pressure in ASO) have been taken from the Climate Diagnostic Bulletin. The SOI series has a mean of − 0.136 mb and a standard deviation of 0.955 mb.
RESULTS AND DISCUSSIONS

Dual spectrum of the AISMR and the SO
The top panels in the Figures 1 and 2 depict the time series of AISMR (cm) and SOI (mb) anomalies. The series and the variation in wavelet coefficients (not shown) are not smooth, so the approach of using discrete WT seems justified. In the discussions to follow, the term 'modes' and 'scales' are used interchangeably. The time series of seven modes are generated using Equation (4) and are presented in the lower panels of Figures 1 and 2 . The terms in the time series give the contributions to total anomaly in each year. In the WT, the power spectral density E(m) corresponding to scale m is given by (Katul and Parlange, 1995; Kulkarni et al., 1999) 
where the overbar represents the average over b. Figures 3 and 4 show the wavelet power spectra of the AISMR and SOI obtained using Equation (6). The energies contained in the modes (m = 1, . . . , 7) are expressed in terms of the percentage of the total energy for convenience. These spectra consist of discrete blocks, as described by Torrence and Compo (1999) . The significance of the modes is tested by the Monte Carlo method as given in Torrence and Compo (1999) . In this method, 500 random series, having the same mean and standard deviation as that of the AISMR and SOI time series, are generated by using the random number generator. These are arranged in increasing order for each scale. The powers in the scale at serial numbers 450 and 475 form the basis for the testing the significance at 10 and 5% levels. The 2 year mode in AISMR and the 4 year mode in SOI are found significant at the 5% level, which is in agreement with Bhalme and Jadhav (1984) . It is also seen that, in addition to the 2 year mode, the 4 and 64 year modes are found to be significant at the 10% level in both. These results are in agreement with Torrence and Compo (1999) . The existence of the 64 year mode in AISMR was not shown explicitly in the earlier studies, but its presence was detected in the studies related to decada variability of the AISMR (Parthasarathy et al., 1992) . Kripalani and Kulkarni (1997) showed that there are 30 year epochs of above and below normal AISMR. In the analysis of AISMR made by Kripalani and Kulkarni (1997) , an 11 year running mean of AISMR is carried out which effectively filters out the modes with a period less than 11 years. In the process, the two significant modes of period 2 and 4 years are filtered out and the analysis reveals the remaining significant mode of a 64 year period. The power spectrum in WT has an additional feature called the temporal standard de6iation of energy, which is given by
There is no counterpart for this term in the Fourier transform, as for each frequency, the energy is distributed uniformly over the signal. Meneveau (1991a,b) showed that the plot of E(m)+ S.D. gives a compact representation of the energy and its temporal variability at each scale, which is referred to as the dual spectrum. However, as shown by Katul and Parlange (1995) , a better dimensionless indicator for the temporal energy variance is given by the coefficient of variation of energy, CV(m) defined as 
Temporal 6ariability of the dominant modes in AISMR and in SOI
Though the analysis in the previous subsection has shown that the 2 and 4 year modes are significant in both AISMR and SOI, the studies of Torrence and Webster (1998) and Webster et al. (1998) have brought out that it is the 2 -8 year band which is related to AISMR. Therefore, the 2, 4 and 8 year modes are considered the dominant ones in this study. From the total energy point of view, together they contain about 85% of the energy. In order to investigate the temporal variability of these modes, the mean variance contained in the 30 year sliding window have been computed from the time series of the respective modes and are presented in the Figures 7 and 8 for AISMR and SOI, respectively. It is seen Rasmusson et al. (1990) . Contrary to the 2 year mode, the 4 year mode presents an intermittent nature. There is a sharp increase in activity of the mode during the 1970s, and a sharp decrease in activity during the 1890s, in both the The similarity in the variability of the modes is striking. The peak around 1910s is higher than that the peak in 1960s. The activity of an 8 year mode is equal to the activity of a 4 year mode during the period 1900-1970 in AISMR. The total higher value of the variance in a 4 year mode compared with that in 8 year mode is due to the high activity of the mode for a very short period during the 1890s and 1970s. Similar to a 2 year mode, this mode also showed a decreasing trend in the recent past years. The low activity of these modes during the 1930s is in agreement with the findings of Wang and Wang (1996) and Kestine et al. (1998) . It is interesting to note that there are two clusters of deficient AISMR years around the 1920s and 1970s, during which the activities of the 2, 4 and 8 year modes are at a peak, and there are a lower number of deficient AISMR years around 1935, during which the activities of the modes are at their lowest level. Further studies are required to understand the sources of these modes in AISMR, and in SOI but it appears that the 2 and 8 year modes may have a different source than that of the 4 year mode.
Monsoon-SO link
In order to understand the coherency of the individual scales, the sliding correlations between the 2, 4 and 8 year modes in the AISMR and the 2, 4 and 8 year modes in the SOI in a 30 year sliding window have been computed and are presented in Figure 9 (a)-(c) along with the 5% significance level. Figure  10 (a) -(c) depicts the time series of the product of the terms in the 2, 4 and 8 year modes in the AISMR and SOI. These essentially represent the covariance and also give information regarding phase relationships among the modes. The positive values indicate that the modes are in-phase while the negative values indicate that the modes are out-of-phase at that location. It is seen that the temporal variability in the correlation of the 2 year mode shows high value of 0.6 during the 1890s, a low and insignificant value of 0.2 during the 1950s, and an increasing trend thereafter. The increasing trend in recent years can be attributed to high covariance during this period as seen from the Figure 10 Similarly, the second maxima also followed the same sequence, first it is seen in the 8 year mode around the 1950s, followed by the 4 year mode in the 1960s, and then in the 2 year mode in the 1980s. In order to understand the monsoon -SO link in the ENSO years, the anomalies in AISMR in the 29 ENSO years have been analysed in relation to the total contribution from the 2, 4 and 8 year modes in the SOI, designated as SOI(d). Figure 11 (a) and (b) show the scatter plots of AISMR anomaly as a function of (i) SOI anomaly (Figure 11(a) ) and (ii) SOI(d) (Figure 11(b) ). Though there is an improved relation with SOI(d) (the CC between AISMR anomaly and SOI anomaly was 0.208 and that with SOI(d) was 0.303), it is below the 5% significant level. Therefore, the relation was tested using the chi-square test (with Yates' correction as degrees of freedom is one). Table I (a) and (b) presents the distribution of AISMR activity (normal and deficient) in the ENSO years as a function of the SOI and SOI(d) anomalies, whether less than or greater than − 0.955 mb (minus one standard deviation). It is seen that the number of deficient and normal monsoon years are better related (eight against seven deficient years and 13 against nine normal years) with the SOI(d) anomaly and the relation is significant at the 1% level.
In order to understand apparent disassociation over the last 8 years, the contributions from the seven modes from SOI and SOI(d) in these years have been examined. Table II presents the contributions from the modes and also the AISMR anomalies. It is seen that the contributions from the low frequency modes, 6iz. 16, 32, 64 and 128 years are negative. It is interesting to see that the only period in the total 6iz. 1991, 1993, 1994 and 1997 , in which the SOI anomaly was less than − 1.0 mb. The percentage contributions from the low frequency modes to the total SOI anomaly amounts to 37% in the 1991, 43.5% in 1993, 28.3% in 1994 and 39.2% in 1997 . Thus, except in the year 1994, about 40% contribution is from those modes not related to the monsoon activity. Moreover, it can be seen that in the year 1994, the anomaly in SOI(d) is also less than − 1.0 mb, but the large part it has been due to the 4 and 8 year modes, which are not significantly related to the AISMR in the present decade. These may be the probable reasons for the normal monsoon activity in the present decade despite the large negative SOI activity.
CONCLUSIONS
This study has addressed two important aspects of the monsoon-SO link, 6iz. the monsoon-SO relation in the ENSO years and the disassociation between the monsoon and the SO in the present decade. Though the strong association between the monsoon and the SO was well-established, the occurrence of the majority of normal monsoon years (i.e. 18) in the 29 ENSO years was not clearly understood. This study has revealed that the total contribution from the 2, 4 and 8 year modes from the SOI is related to the AISMR anomalies in the ENSO years at a 1% level of significance. The temporal variability of the 2 and 8 year modes in the AISMR and SOI shows modulation by a low frequency wave of period of 98 and 49 years at 1% level of significance, respectively. There are sharp transitions in the activities of the 4 year mode in both the AISMR and the SOI, accounting for large intermittency in the power. The periods of high/low activity of the 2, 4 and 8 year modes are found to be associated with a large/low number of deficient AISMR years. The temporal variability in the correlation (based on a 30 year running window) of the 2, 4 and 8 year modes in the AISMR and the SOI show a particular sequence. The maxima and minima in the correlations follow a sequence, first in the 8 year mode, then in the 4 year mode, and then in the 2 year mode. In the present period, the correlations in the 4 and 8 year modes have become insignificant, and that of 2 year mode has started decreasing after the reaching the peak. The activity of the 4 and 8 year modes has remained constant and that of the 2 year mode has shown a decreasing trend. The disassociation between the monsoon and the SO in the last 8 years of the present decade can be attributed to (i) SOI(d) remaining larger than − 1 S.D., (ii) reduced activities of the 2, 4 and 8 year modes, and (iii) insignificant correlations in the 4 and 8 year modes. The results in this study will find use in the prediction of AISMR using statistical methods, in which SOI indices are used. As it seems, we are entering the period in which SOI variability will be most likely similar to that observed during the 1930s. The correlations between AISMR and SOI by using the 8 and 4 year modes have already become insignificant and that of the 2 year mode has started decreasing. Thus, it is suggested that the contribution from the 2, 4 and 8 year modes may be considered instead of the original SOI, and probably less weight may be given to SOI as the variability in SOI is heading towards the conditions which prevailed during the 1930s.
